We present simultaneous mappings of J = 1 − 0 emission of 12 CO, 13 CO, and C 18 O molecules toward the whole disk (8 ′ × 5 ′ or 20.8 kpc × 13.0 kpc) of the nearby barred spiral galaxy NGC 2903 with the Nobeyama Radio Observatory 45-m telescope at an effective angular resolution of 20 ′′ (or 870 pc). We detected 12 CO(J = 1−0) emission over the disk of NGC 2903.
However, the most abundant constituent in molecular gas, H 2 , cannot emit any electro-magnetic wave in cold molecular gas with typical temperature of ∼ 10 K due to the lack of a permanent dipole moment. Instead, rotational transition lines of 12 CO, the second abundant molecule, have been used as a tracer of molecular gas. For example, some extensive 12 CO surveys of external galaxies, which consist of single pointings toward central regions and some mappings along the major axis, have been reported (e.g., Braine et al. 1993; Young et al. 1995; Elfhag et al. 1996) . These studies provided new findings about global properties of galaxies, such as excitation condition of molecular gas in galaxy centers and radial distributions of molecular gas across galaxy disks.
In order to understand the relationship between molecular gas and star formation in galaxies further, spatially resolved 12 CO maps covering whole galaxy disks are necessary because star formation rates (SFRs) are often different between galaxy centers and disks. In particular, single-dish observations are essential to measure total molecular gas content in the observing beam from dense component to diffuse one avoiding the missing flux (e.g., Caldú-Primo et al. 2015) . So far, two major surveys of wide-area 12 CO mapping toward nearby galaxies are performed using multi-beam receivers mounted on large single-dish telescopes.
One is the 12 CO(J = 1 − 0) mapping survey of 40 nearby spiral galaxies performed with the Nobeyama Radio Observatory (NRO) 45-m telescope in the position-switch mode (Kuno et al. 2007, hereafter K07) . Their 12 CO(J = 1 − 0) maps cover most of the optical disks of galaxies at an angular resolution of 15 ′′ , and clearly show two-dimensional distributions of molecular gas in galaxies. K07
found that the degree of the central concentration of molecular gas is higher in barred spiral galaxies than in non-barred spiral galaxies. In addition, they found a correlation between the degree of central concentration and the bar strength adopted from Laurikainen & Salo (2002) 1 ; i.e., galaxies with stronger bar tend to exhibit a higher central concentration. This correlation suggests that stronger bars accumulate molecular gas toward central regions more efficiently, which may contribute the onset of intense star formation at galaxy centers (i.e., higher SFRs than disks). Using the 12 CO(J = 1−0) data, Sorai et al. (2012) investigated the physical properties of molecular gas in the barred spiral galaxy Maffei 2. They found that molecular gas in the bar ridge regions may be gravitationally unbound, which suggests that molecular gas is hard to become dense, and to form stars in the bar.
The other survey is the Heterodyne Receiver Array CO Line Extragalactic Survey performed with the IRAM 30-m telescope (Leroy et al. 2009 ). They observed 12 CO(J = 2 − 1) emission over the full optical disks of 48 nearby galaxies at an angular resolution of 13 ′′ , and found that the 12 CO(J = 2 − 1)/ 12 CO(J = 1 − 0) line intensity ratio (hereafter R 2−1/1−0 ) typically ranges from 0.6 to 1.0 with the averaged value of 0.8. In addition, Leroy et al. (2013) examined a quantitative relationship between surface densities of molecular gas and SFRs for 30 nearby galaxies at a spatial resolution of 1 kpc using the 12 CO(J = 2 − 1) data. They found a first-order linear correspondence between surface densities of molecular gas and SFRs but also found second-order systematic variations; i.e., the apparent molecular gas depletion time, which is defined by the ratio of the surface density of molecular gas to that of SFR, becomes shorter with the decrease in stellar mass, metallicity, and dust-to-gas ratio. They suggest that this can be explained by a CO-to-H 2 conversion factor (X CO ) that depends on dust shielding.
However, such global CO maps of galaxies have raised a new question; the cause of the spatial variation in star formation efficiencies (SFEs) defined as SFRs per unit gas mass 2 . It is reported that SFEs differ not only among galaxies (e.g., Young et al. 1996) but also within locations/regions in a galaxy (e.g., Muraoka et al. 2007 ); i.e., higher SFEs are often observed in galaxy mergers rather than normal spiral galaxies and also observed in the nuclear star forming region rather than in galaxy disks.
Some observational studies based on HCN emission, an excellent dense gas tracer, suggest that SFEs increase with the increase in molecular gas density (or dense gas fraction) in galaxies (e.g., Gao & Solomon 2004; Gao et al. 2007; Muraoka et al. 2009; Usero et al. 2015) , but the cause of the spatial variation in SFEs is still an open question because HCN emission in galaxy disks is too weak to obtain its map except for some gas-rich spiral galaxies (e.g., M 51; Chen et al. 2015; Bigiel et al. 2016 ).
Instead, isotopes of CO molecule are promising probes of molecular gas density. In particular, 13 CO(J = 1 − 0) is thought to be optically thin and thus trace denser molecular gas (∼ 10 3−4 cm −3 ) rather than 12 CO(J = 1 − 0), which is optically thick and traces relatively diffuse molecular gas (∼ 10 2−3 cm −3 ). Therefore, the relative intensity between 13 CO(J = 1 − 0) and 12 CO(J = 1 − 0)
is sensitive to physical properties of molecular gas. For example, spatial variations in 13 CO(J = 1 − 0)/ 12 CO(J = 1 − 0) intensity ratios (hereafter R 13/12 ) were observed in nearby galaxy disks (e.g., Sakamoto et al. 1997; Tosaki et al. 2002; Hirota et al. 2010) . Such variations in R 13/12 , typically ranging from 0.05 to 0.20, are interpreted as the variation in molecular gas density; i.e., R 13/12 increases with the increase in molecular gas density. However, some observations suggest that R 13/12
in central regions of nearby galaxies are lower than those in disk regions (e.g., Paglione et al. 2001; Tosaki et al. 2002; Hirota et al. 2010; Watanabe et al. 2011 ) although central regions of galaxies often show intense star formation activities, suggesting higher molecular gas density. The cause of the low R 13/12 in central regions is thought to be high temperature of molecular gas due to the heating by UV radiation from a lot of young massive stars.
Such a degeneracy between density and temperature of molecular gas in a line ratio can be 2 In this paper, a correction factor to account for Helium and other heavy elements is not included in the calculation of molecular gas mass and SFE.
solved using two (or more) molecular line ratios with a theoretical calculation on the excitation of molecular gas such as the large velocity gradient (LVG) model (Scoville & Solomon 1974; Goldreich & Kwan 1974) . For example, the density and kinetic temperature of giant molecular clouds (GMCs)
were determined using R 13/12 and 12 CO(J = 3 − 2)/ 12 CO(J = 1 − 0) ratio for Large Magellanic
Cloud (Minamidani et al. 2008 ) and M 33 (Muraoka et al. 2012) , and also determined using R 13/12
and R 2−1/1−0 for the spiral arm of M 51 (Schinnerer et al. 2010) . This method to determine molecular gas density is useful to investigate the cause of the variation in SFEs. Thus the dependence of SFEs on molecular gas density should be investigated for various galaxies at high angular resolution based on multiple line ratios including R 13/12 .
In this paper, we investigate the relationship between SFE and molecular gas density within a nearby barred spiral galaxy NGC 2903 using an archival 12 CO(J = 2 − 1) map combined with The structure of this paper is as follows: We describe the overview of the COMING project and explain the detail of the CO observations and data reduction for NGC 2903 in section 2. Then, we show results of observations; i.e., spectra and velocity-integrated intensity maps of 12 CO(J = 1 − 0) and 13 CO(J = 1 − 0) emission in section 3. We obtain averaged spectra of 12 CO(J = 1 − 0), 13 CO(J = 1 −0), and 12 CO(J = 2 −1) emission for nine representative regions, and measure averaged R 13/12 and R 2−1/1−0 for each region in section 4.1. We determine molecular gas density and kinetic temperature for the center, bar, bar-ends, and spiral arms using R 13/12 and R 2−1/1−0 based on the LVG approximation in section 4.2. Finally, we investigate the cause of the variation in SFE by examining the dependence of SFE on molecular gas density and kinetic temperature. Minamidani et al. 2016) at NRO. The main purposes of the COMING are to characterize properties of molecular gas as sequence of, Hubble types, dynamical structures, central concentrations, and star formation activities, as well as surrounding environments of galaxies. More detailed information on COMING project including the current status of the survey will be reported in the forthcoming paper (Sorai et al. in preparation) . Mpc, as indicated in figure 1. The total time for the observations was 13 hrs.
Observations
We used a new 2 × 2 focal-plane dual-polarization sideband-separating SIS mixer receiver for The system noise temperatures were 300 -500 K at 115 GHz and 200 -250 K at 110 GHz during the observing run.
We performed the OTF mapping along the major and minor axes of the galaxy disk whose position angle was 25
• (K07). The separation between the scan rows was set to 5. ′′ 0, and the spatial sampling interval was < 2. ′′ 4 applying a dump time of 0.1 second and a scanning speed of < 24 ′′ s −1 . The data sets scanned along two orthogonal axes were co-added by the Basket-weave method (Emerson & Graeve 1988) to remove any effects of scanning noise. In order to check the absolute pointing accuracy every hour, we observed an SiO maser source, W-Cnc, using a 43 GHz band receiver. It was better than 6 ′′ (peak-to-peak) throughout the observations. In addition, we observed 12 CO(J = 1 − 0) and 13 CO(J = 1 − 0) emission of W 3 and IRC+10216 every day to obtain the scaling factors for converting the observed antenna temperature to the main beam temperature for each IF. Note that these scaling factors not only correct the main-beam efficiency (η MB ) of the 45-m antenna but also compensate the decrease in line intensity due to the incompleteness of the image rejection for SSB receiver (e.g., Nakajima et al. 2013) . The absolute error of the temperature scale for each CO spectrum was about ±20%, mainly due to variations in η MB and the image rejection ratio of the FOREST.
Data reduction
Data reduction was made using the software package NOSTAR, which comprises tools for OTF data analysis, developed by NRO (Sawada et al. 2008) . We excluded bad spectra, which includes strong baseline undulation and spurious lines, from the raw data. Then, linear baselines were subtracted, and the raw data were regridded to 6 ′′ per pixel with an effective angular resolution of approximately 20 ′′ (or 870 pc). We binned the adjacent spectral channels to a velocity resolution of 10 km s −1 for the spectra. Finally, we created three-dimensional data cubes in 12 CO(J = 1 − 0), 13 CO(J = 1 − 0), and
The resultant r.m.s. noise levels (1 σ) were 60 mK, 39 mK, and 40 mK for 12 CO(J = 1 − 0), 13 CO(J = 1 − 0), and C 18 O(J = 1 − 0), respectively.
Results

3.1
12 CO(J = 1 − 0) emission Figure 2 shows 12 CO(J = 1 − 0) spectra of the whole optical disk in NGC 2903. As is the case in earlier studies (e.g., Helfer et al. 2003 , K07, Leroy et al. 2009 ), strong 12 CO(J = 1 − 0) emission, whose peak temperature was ∼ 0.6 K, was found at the center and significant 12 CO(J = 1 − 0) emission was detected in the bar (∼ 0.3 K), bar-ends (0.4 -0.5 K), and spiral arms (0.1 -0.3 K).
We calculate velocity-integrated 12 CO(J = 1 − 0) intensities (I 12CO(1−0) ) from the spectra. In order to obtain more accurate line intensities (in other words, to minimalize the effects of the noise and the undulation of baseline for weak line), we defined the "line channels", which are successive velocity channels where significant emission exists, in advance for each pixel as described below.
In order to define the "line channels", we utilized 12 CO(J = 2 − 1) data (Leroy et al. 2009 ), which was regridded and convolved to 20 ′′ to match our 12 CO(J = 1 − 0) spectra. Since the 1 σ r.m.s. ofin each pixel. We first identified a velocity channel exhibiting the peak 12 CO(J = 2 − 1) temperature and defined the channel as the "CO peak channel" for each pixel. Then, successive channels whose 12 CO(J = 2 − 1) emission consistently exceeds 1 σ including the "CO peak channel" are defined as "line channels". Finally, we calculated I 12CO(1−0) for the specified "line channels" in each pixel. tra at the northern bar-end, the center, and the southern bar-end, respectively. We found significant 13 CO(J = 1 − 0) emission at the center and both bar-ends. However, we could not detect any signifi-
We calculated the velocity-integrated 13 CO(J = 1 − 0) intensities (I 13CO(1−0) ). As is the case of 12 CO(J = 1 − 0), we utilized the "line channels" defined by 12 CO(J = 2 − 1) spectra. Figure 6 shows a spatial distribution of I 13CO(1−0) in pseudo-color overlaid by I 12CO(1−0) in contour. The global distribution of 13 CO(J = 1 − 0) is similar to 12 CO(J = 1 − 0); several peaks whose I 13CO(1−0) exceeds 5 K km s −1 are observed at the center, bar-ends, and in spiral arms.
3.3 Line intensity ratios R 2−1/1−0 and R 13/12
Intensity ratios of two (or more) molecular lines provide important clues to estimate physical properties of molecular gas, such as density and temperature. We examined the spatial variations in line intensity ratios among 12 CO(J = 1 − 0), 13 CO(J = 1 − 0), and 12 CO(J = 2 − 1) emission. Figure 7 shows spatial distributions of R 2−1/1−0 and R 13/12 over the disk of NGC 2903. In these maps, we displayed pixels with each line intensity exceeding 2 σ (5 K km s −1 , 3 K km s −1 , and 0.5 K km s −1 for 12 CO(J = 1 −0), 13 CO(J = 1 −0), and 12 CO(J = 2 −1), respectively). We found some local peaks of R 2−1/1−0 (∼ 1.0) near the center and at the downstream side of the northern spiral arm, whereas lower R 2−1/1−0 (∼ 0.5 -0.6) was observed in the bar. The spatial distribution of R 13/12 is unclear due to poor signal-to-noise (S/N) ratio of 13 CO(J = 1 − 0) emission.
Discussion
4.1 Velocity-axis alignment stacking of CO spectra
As described in section 3.3, the spatial distribution of R 13/12 seems noisy and unclear due to the poor S/N although we could obtain the spatial distribution of I 13CO(1−0) . In order to improve the S/N of weak emission such as 13 CO(J = 1 − 0), the stacking analysis of CO spectra with the velocity-axis alignment seems a promising method.
The stacking technique for CO spectra in external galaxies are originally demonstrated by Schruba et al. (2011 Schruba et al. ( , 2012 . Since the observed velocities of each position within a galaxy are different due to its rotation, a simple stacking causes a smearing of spectrum. In order to overcome such difficulty, Schruba et al. (2011) demonstrated the velocity-axis alignment of CO spectra in different regions in a galaxy disk according to mean H I velocity. They stacked velocity-axis aligned CO spectra, and successfully confirmed very weak 12 CO(J = 2 − 1) emission (< 1 K km s −1 ) with high significance in H I-dominated outer-disk regions of nearby spiral galaxies. In addition, Schruba et al.
(2012) applied this stacking technique to perform the sensitive search for weak 12 CO(J = 2 −1) emission in dwarf galaxies. Furthermore, Morokuma-Matsui et al. (2015) applied the stacking technique to 13 CO(J = 1 − 0) emission in the optical disk of the nearby barred spiral galaxy NGC 3627. By the stacking with velocity-axis alignment based on mean 12 CO(J = 1 − 0) velocity, they obtained high S/N 13 CO(J = 1 − 0) spectra which are improved by a factor of up to 3.2 compared to the normal (without velocity-axis alignment) stacking analysis.
These earlier studies clearly suggest that the stacking analysis is very useful to detect weak molecular line. In this section, we employ the same stacking technique as Morokuma-Matsui et al.
(2015) to improve the S/N of 13 CO(J = 1 − 0) emission and to obtain more accurate line ratios. Based on our I 12CO(1−0) image (figure 3), we have separated NGC 2903 into nine regions according to its major structures; i.e., center, northern bar, southern bar, northern bar-end, southern bar-end, northern arm, southern arm, inter-arm, and outer-disk. The left panel of figure 8 shows the separation of each region overlaid by the grey-scale map of I 12CO(1−0) . For each region, we stacked 13 CO(J = 1 − 0), and 12 CO(J = 2 − 1) spectra with velocity-axis alignment based on the intensityweighted mean velocity field calculated from our 12 CO(J = 1 − 0) data (right panel of figure 8 ). We successfully obtained the stacked CO spectra as shown in figure 9 . The S/N of each CO emission is dramatically improved, and thus we could confirm the significant 13 CO(J = 1 − 0) emission for all the regions. We found the difference in the line shape of stacked CO spectra according to regions. In particular, the stacked 12 CO spectra in the bar show flat peak over the velocity width of 100 -150 km s −1 . This is presumably due to the rapid velocity change in the bar, which makes the velocity-axis alignment difficult.
We summarize the averaged line intensities and line ratios for each region in table 2. We found that the averaged R 2−1/1−0 shows the highest value of 0.92 at the center, and a moderate value of 0.7 -0.8 at both bar-ends and in the northern arm. A slightly lower R 2−1/1−0 of 0.6 -0.7 is observed in the bar, southern arm, inter-arm, and outer-disk. Such a variation in R 2−1/1−0 ranging from 0.6 to 1.0 in NGC 2903 is quite consistent with those observed in nearby galaxies (e.g., Leroy et al. 2009 ).
However, the highest R 13/12 of 0.19 is observed not at the center but in the northern arm. The central 
Derivation of physical properties and their comparison with star formation
LVG calculation for stacked CO spectra
Using R 2−1/1−0 and R 13/12 , we derive averaged physical properties of molecular gas, its density (n H 2 ) and kinetic temperature (T K ), in seven regions (center, northern bar, southern bar, northern bar-end, southern bar-end, northern arm, and southern arm) of NGC 2903 based on the LVG approximation. (Muraoka et al. 2012 ).
Then, we determine the [ 12 CO]/[ 13 CO] abundance ratio to be assumed in this study by considering earlier studies. Langer & Penzias (1990) found a systematic gradient in the 12 C/ 13 C isotopic ratio across in our Galaxy; from ∼ 30 in the inner part at 5 kpc to ∼ 70 at 12 kpc with a galactic center value of 24. For external galaxies, the reported 12 C/ 13 C isotopic ratios in their central regions are 40 for NGC 253 (Henkel et al. 1993) , 50 for NGC 4945 (Henkel et al. 1994) , > 40 for M 82 and > 30
for IC 342 (Henkel et al. 1998 We compare the derived n H 2 and T K in NGC 2903 with those determined in other external galaxies. Muraoka et al. (2012) determined n H 2 and T K for GMCs associated with the giant H II region NGC 604 in M 33 at a spatial resolution of 100 pc using three molecular lines, 12 CO(J = 1−0), 13 CO(J = 1 − 0), and 12 CO(J = 3 − 2), based on the LVG approximation. The derived n H 2 and T K are 800 -2500 cm −3 and 20 -30 K, respectively, which are similar to our study for NGC 2903 in spite of the difference in the spatial resolution.
However, Schinnerer et al. (2010) obtained different physical properties for GMCs in spiral arms of M 51. They performed the LVG analysis using R 13/12 and R 2−1/1−0 at a spatial resolution of 120 -180 pc. For the case of constant dv/dr = 1.0 km s −1 pc −1 , the derived T K ranges from 10 to 50 K, which is similar to our study for NGC 2903, whereas n H 2 ranges from 100 to 400 cm −3 , which is 5 -10 times lower than that in the disk of NGC 2903 in spite that the values of R 2−1/1−0 and R 13/12 in M 51 are not so different from those in NGC 2903. This is presumably due to the differences in assumed Z( Physically, high Z( 12 CO) means abundant 12 CO molecules among molecular gas. In this condition, the optical depth of 12 CO line also increases, and thus the photon-trapping effect in molecular clouds becomes effective. Since this effect contributes the excitation of 12 CO molecule, an effective critical density of 12 CO line decreases. In other words, since the 12 CO is easily excited to upper J levels even in low molecular gas density, n H 2 at a given R 2−1/1−0 decreases. As a result, LVG analysis with the assumption of Z( 12 CO) of 8.0 ×10 −5 yields lower n H 2 . In addition, the low [
ratio of 30 causes the decrease in the derived molecular gas density as described above. Therefore, the difference in the derived n H 2 between NGC 2903 and M 51 can be explained by the difference in the assumed Z( 12 CO) and the [ 12 CO]/[ 13 CO] abundance ratio.
Comparison of SFE with density and kinetic temperature of molecular gas
As described in section 1, SFEs often differ between galaxy centers and disks. Since NGC 2903 has a bright star forming region at the center, its SFE is expected to be higher than those in other regions.
Here, we calculate SFEs for seven regions where averaged physical properties of molecular gas are obtained, and compare SFE with n H 2 and T K in each region to examine what parameter controls SFE in galaxies.
SFE is expressed using the surface density of SFR (Σ SFR ) and that of molecular hydrogen (Σ H 2 ) as follows:
We calculated extinction-corrected SFRs from a linear combination of Hα and Spitzer/MIPS 24 µm luminosities using a following formula (Kennicutt 1998a; Kennicutt 1998b; Calzetti et al. 2007 ):
where L Hα and L 24µm mean Hα and 24 µm luminosities, respectively. i is the inclination of 65
• for NGC 2903 and Ω is the covered area for each region (in the unit of pc 2 ). We used archival continuum-subtracted Hα and 24 µm images of NGC 2903 obtained by Hoopes et al. (2001) and the Local Volume Legacy survey project (Kennicutt et al. 2008; Dale et al. 2009 ), respectively. In addition, we calculated Σ H 2 using I 12CO(1−0) as follows:
Here, we adopted a constant X CO value of 1.8 × 10 20 cm −2 (K km s −1 ) −1 (Dame et al. 2001) . We found that SFE at the center, 6.8 × 10 −9 yr −1 , is 2 -4 times higher than those in other regions.
Calculated SFEs are listed in table 3.
We examined the dependence of SFE on n H 2 and T K as shown in figure 11 . We found that SFE positively correlates with both n H 2 and T K . However, the trend of these correlations might change of n H 2 and T K . As described in section 4.2.1, it is reported that the 12 C/ 13 C abundance ratio in our Galaxy increases with the galactocentric radius (Langer & Penzias 1990 K, respectively. This n H 2 value is slightly lower than that in the northern arm, whereas the positive correlation between SFE and n H 2 is not destroyed. Similarly, the T K of 38 K does not destroy the positive correlation between SFE and T K .
Next, we consider the effect of the variation in X CO on the estimate of SFE. In central regions of disk galaxies, X CO drops (i.e., CO emission becomes luminous at a given gas mass) by a factor of 2 -3 or more (e.g., Nakai & Kuno 1995; Regan 2000) , including the Galactic Center (e.g., Oka et al. 1998; Dahmen et al. 1998) . Such a trend is presumably applicable to NGC 2903 considering the relationship between X CO and metallicity, 12 + log(O/H). In general, X CO decreases with the increase in metallicity because the CO abundance should be proportional to the carbon and oxygen abundances (e.g., Arimoto et al. 1996; Boselli et al. 2002) . In addition, it is reported that metallicity decreases with the galactocentric distance in NGC 2903 (e.g., Dack & McCall 2012; Pilyugin et al. 2014 ). These observational facts suggest a smaller X CO by a factor of 1.5 -2 at the center than in the disk of NGC 2903, which yields a smaller gas mass, providing a higher SFE than the present one shown in table 3 and figure 11. However, even if a higher SFE by a factor of 2 is adopted for the center, the global trend of the correlations shown in figure 11 does not change so much because the original SFE at the center is already the highest in NGC 2903. Note that the smaller X CO corresponds to the larger Z( 12 CO) at the center of NGC 2903, but the larger dv/dr is also suggested because the typical velocity width at the center (250 -300 km s −1 )
is wider than those in other regions (150 -200 km s −1 ) due to the rapid rotation of molecular gas near the galaxy center. Thus we consider that Z( 12 CO)/(dv/dr) itself does not differ between the center and the disk in NGC 2903 even if the Z( 12 CO) at the center is larger than that in the disk.
Finally, we examine the correlation coefficient for the least-square power-law fit R 2 between SFE and n H 2 and that between SFE and T K shown in figure 11 . We found that the former is 0.50 and the latter is 0.08. The significant correlation between SFE and n H 2 with R 2 of 0.50 suggests that molecular gas density governs the spatial variations in SFE. This speculation is well consistent with earlier studies based on HCN emission (e.g., Gao & Solomon 2004; Gao et al. 2007; Muraoka et al. 2009; Usero et al. 2015) . In order to confirm whether such a relationship between SFE and n H 2 is applicable to other galaxies or not, we will perform further analysis toward other COMING sample galaxies, considering variations in the [ 12 CO]/[ 13 CO] abundance ratio, X CO , and Z( 12 CO)/(dv/dr), in forthcoming papers.
Summary
We have performed the simultaneous mappings of J = 1 − 0 emission of 12 CO, 13 CO, and C 18 O molecules toward the whole disk (8 ′ × 5 ′ or 20.8 × 13.0 kpc at the distance of 8.9 Mpc) of the nearby barred spiral galaxy NGC 2903 with the NRO 45-m telescope equipped with the FOREST at an effective angular resolution of 20 ′′ (or 870 pc). A summary of this work is as follows.
1. We detected 12 CO(J = 1 − 0) emission over the disk of NGC 2903. In addition, significant 13 CO(J = 1 − 0) emission was found at the center and bar-ends, whereas we could not detect
2. In order to improve the S/N of CO emission and to measure R 2−1/1−0 and R 13/12 with high significance, we performed the stacking analysis for our 12 CO(J = 1 − 0), 13 CO(J = 1 − 0), and archival 12 CO(J = 2 − 1) spectra with velocity-axis alignment in nine representative regions (i.e., center, northern bar, southern bar, northern bar-end, southern bar-end, northern arm, southern arm, inter-arm, and outer-disk) of NGC 2903. We successfully obtained the stacked CO spectra with highly improved S/N, and thus we could confirm the significant 13 CO(J = 1 − 0) emission for all the regions.
3. We examined the averaged R 2−1/1−0 and R 13/12 for nine regions, and found that the averaged 4. We determined n H 2 and T K of molecular gas using R 2−1/1−0 and R 13/12 based on the LVG approximation. Under the assumption of [ 12 CO]/[ 13 CO] abundance ratio of 50, the derived n H 2 ranges from ∼1000 cm −3 (in the bar, bar-ends, and spiral arms) to 3700 cm −3 (at the center) and the derived T K ranges from 10 K (in the bar and spiral arms) to 30 K (at the center).
5. We examined the dependence of SFE on n H 2 and T K of molecular gas, and found the positive correlation between SFE and n H 2 with the correlation coefficient for the least-square power-law fit R 2 of 0.50. This suggests that molecular gas density governs the spatial variations in SFE. Northern bar 26.4 ± 0.8 15.6 ± 0.1 2.2 ± 0.6 0.59 ± 0.02 0.08 ± 0.02
Southern bar 26.6 ± 0.8 18.1 ± 0.1 3.5 ± 0.7 0.68 ± 0.02 0.13 ± 0.03
Northern bar-end 36.8 ± 0.8 27.3 ± 0.1 3.6 ± 0.6 0.74 ± 0.02 0.10 ± 0.02
Southern bar-end 28.6 ± 0.6 21.2 ± 0.1 2.4 ± 0.6 0.74 ± 0.02 0.08 ± 0.02
Northern arm 19.8 ± 0.5 15.0 ± 0.1 3.8 ± 0.6 0.76 ± 0.02 0.19 ± 0.02
Southern arm 19.6 ± 0.5 11.9 ± 0.1 2.4 ± 0.4 0.61 ± 0.02 0.12 ± 0.02
Inter-arm 11.8 ± 0.3 7.2 ± 0.1 1.2 ± 0.3 0.61 ± 0.02 0.10 ± 0.02
Outer-disk 5.0 ± 0.2 3.2 ± 0.1 0.2 ± 0.1 0.64 ± 0.02 0.04 ± 0.02 emission.
